Laser transmission joining (LTJ) is growing in importance, and has the potential to become a niche technique for the fabrication of hybrid plastic-metal joints for medical device applications. The possibility of directly joining plastics to metals by LTJ has been demonstrated by a number of recent studies. However, a reliable and quantitative method for defining the contact area between the plastic and metal, facilitating calculation of the mechanical shear stress of the hybrid joints, is still lacking. A new method, based on image analysis using ImageJ, is proposed here to quantify the contact area at the joint interface. The effect of discolouration on the mechanical performance of the hybrid joints is also reported for the first time. Biocompatible polyethylene terephthalate (PET) and commercially pure titanium (Ti) were selected as materials for laser joining using a 200 W CW fibre laser system. The effect of laser power, scanning speed and stand-off distance between the nozzle tip and top surface of the plastic were studied and analysed by Taguchi L9 orthogonal array and ANOVA respectively. The surface morphology, structure and elemental composition on the PET and Ti surfaces after shearing/peeling apart were characterized by SEM, EDX, XRD and XPS.
Introduction
Because of improved access to healthcare facilities and consequently increased life expectancy, the demand for medical implant devices has increased significantly in the past two decades. One of the biggest obstacles hindering the development of innovative medical devices is the ability to join dissimilar materials. Difficulties arise due to chemical incompatibility and different physical characteristics, for example melting point, coefficient of thermal expansion, thermal diffusivity, etc. The joining of dissimilar materials for medical device applications has recently been the subject of much recent research. In particular, successful implementation of hybrid plastic-metal joints would allow complementary structural and non-structural needs of medical devices to be realised in a single customized solution [1] with the plastic parts offering flexibility and the metal parts providing the mechanical strength. Traditionally, joining of plastic to metal parts in medical devices has been achieved by using medical adhesives, such as polyurethanes, silicones, and epoxies. For example, pacemakers, defibrillators and neurological stimulators are designed using silicone adhesive to seal the joint between the polyurethane connector module and the titanium can [2, 3] . However, there are a number of drawbacks associated with the use of adhesives, such as slow processing time, lack of long term stability and design flexibility, as well as a high tendency to produce leachable/extractable products. Consequently, there is an urgent demand for a fast, safe, flexible, reliable and adhesive-free method to directly join the plastic component to the metal body.
Laser transmission joining (LTJ) is growing in importance, and has the potential to become a niche technique in the fabrication of hybrid plastic-metal joints for medical device applications. Key advantages of laser transmission joining over the traditional adhesive method include a clean and noncontact process, fast joining cycles (usually less than few seconds), highly flexible and automated, the absence of particulate generation, and no vibration of the parts during joining. Successful laser joining of metals to plastics has been demonstrated for a range of material combinations. Examples include CFRP-zinc coated steel [4] , CFRP-SS304 [5] , HDPE-SS304 [6] , PA6-SS304 [1] , PA66-SS304 [7] , PET-A5052 [8, 9] , PET-AZ91D [10] , PET-Cu [9] , PET-SS304 [9, [11] [12] , PET-SS316L [13] , PET-Ti [14, 15] , PMMA-SS304 [16] and PI-Ti [17] . Katayama et al. [11] applied continuous wave (CW) diode laser to join SS304 and PET and reported that high strength plastics and metal joints can be fabricated by laser heating due to the formation of mechanical, physical and chemical bonds (e.g. Cr-O) between the plastics and metal surfaces. Cenigaonaindia et al. [1] used a high power CW diode laser to join SS304 and PA6. They reported that good quality joints can be obtained by carefully optimising the process parameters, such as laser power, processing speed, joining trajectory, and clamping pressure. Process monitoring and control systems were used in their study to inspect the joint quality during the joining process. Fortunato et al. [7] applied CW diode laser to fabricate joints between SS304 and a group of PA materials, e.g. PA66, glass fibre reinforced PA 66 and carbon fibre reinforced PA66, while Tillmann et al. [12] used CW Nd:YAG laser to join SS304 and PET. They both claimed that joint strength can be controlled by optimising the laser power and processing speed. Hussein et al. [16] used pulsed Nd:YAG laser to join SS304 with PMMA, and reported that joint strength and bead width increased as a function of thermal input. Chen et al. [14] used pulsed Nd:YAG laser to join Ti and PET, and concluded that the degradation of PET can be minimized by properly controlling the waveform of laser, i.e., ramped up/down. Wang et al. [13] used CW diode laser to join SS316L with PET. They employed response surface methodology (RSM) to establish mathematical relationships between different process parameters (i.e., laser power, joining speed and stand-off distance) and joint strength. Mian et al. [17] applied CW diode, Nd:YAG and fibre lasers to join the Ti with PI. They developed a FEA model to predict the joint strength and the predicted values were in good agreement with the experimental results. Jung et al. [4] [5] performed laser direct joining between carbon fiber reinforced plastics (CFRPs) and zinc-coated steel or SS304 using continuous wave (CW) diode laser. Their results indicated that the high strength of the CFRP-zinc-coated steel/stainless steel joint arose from the chemical bonds between the CFRP and metal outermost surfaces, i.e., ionic bonds between zinc oxide and carbon [4] as well as between melted plastic and Cr-Fe oxide film [5] . Wang et al. [15] investigated the joint performance between Ti and PET made by CW diode laser. They reported that the formation of Ti-C like chemical bonds at the joint interface was responsible for the high joint strength. Cheon et al. [6] studied laser direct joining between SS304 and HDPE using CW fiber laser. They quantified the relationships among the joint strength, expansion pressure, gas fragment composition and molecular structure. Their findings also showed that the joint strength was highly correlated with the polymer structure. Farazila et al. [8, 9] used pulsed Nd:YAG laser to join PET with a variety of metallic materials, e.g., A5052, SS304 and Cu. They found that the shear strength of the joints was directly proportional to the laser heat input and pulse duration, and also related to the bubble size. Similar findings were reported by Wahba et al. [10] . They utilized high power CW diode laser to join AZ91D with PET, and found that the joint strength was correlated with the bubble size. i.e., small bubbles favoured the formation of high strength joints.
A significant problem concerning the LTJ technique between plastics and metal is that there is no quantitative method to measure the bond area and thus, its relationships with the laser processing parameters are still undefined. Currently, joint strength is typically defined as breakdown force per unit processed length, but this is not an accurate representation of the joint strength. Further, the assessment of the quality and strength of the hybrid joint is typically limited to the bubble characteristics, such as size, quantity and distribution and morphology. Discolouration, which is one of the most critical problems that arise during high temperature processing of plastics, has not been considered as an indicator for assessing the joint quality and strength. To tackle these issues, a new measurement method is proposed to quantitatively determine the bond area between the plastics and metal parts, and based on this, to calculate the breakdown force per unit contact area. The effect of discoloration on the joint strength is also analysed and evaluated. The effects of the laser parameters, namely laser power, scanning speed and stand-off distance on the joint morphology are studied by the Taguchi method. The surface morphology, structure and chemical composition of the material surfaces after the shear test have also been characterized. The material combination in the present study was commercially pure titanium (Ti) and polyethylene terephthalate (PET). Pure Ti is one of the most common biomaterials as it has excellent biocompatibility which does not promote any adverse reactions and is tolerated well by the human tissues [18] . PET is a highly biocompatible, biostable, and nondegradable polymer which possesses desirable mechanical features for biomaterial applications [19] . Further, PET is known to have very high transparency (~90%) to the laser in the nearinfrared region [11, 14] , which is a crucial property determining the amount of laser energy input to the metal substrate.
Methodology and Experimental Details

Materials preparation
The materials were an annealed pure titanium foil (purity: 99.6+%, 300 mm x 300 mm x 0.5 mm) and an amorphous polyethylene terephthalate (PET) sheet (300 mm x 300 mm x 1 mm) purchased from GoodFellow, Cambridge Ltd., UK. They were cut into 50 mm x 15 mm in size. The Ti surface was ground with a series of sandpapers from 120 grits to 400 grits to remove any pre-existed surface oxides and to ensure consistent surface roughness, i.e., Ra value of 0.38 ± 0.07 µm (from five measurements). The Ti surface was ground for 5 min by each grit scale of sandpaper following the standard metallurgical procedure. Before the laser joining experiment, both the Ti (after grinding) and PET (asreceived) samples were cleaned and degreased ultrasonically in methanol for 10 min, rinsed in distilled water for another 10 min, and dried thoroughly in a cold air stream.
Joining mechanisms between PET and Ti
The formation of stable bonds between metal and plastics by laser transmission joining technique was first reported by Katayama and Kawahito [11] . In this technique, the plastic, which is transparent to laser beam, was positioned on the metal substrate and a clamping force applied to hold the materials together. The transmitted laser energy through the plastic heats the underlying metal which then heats up the contacting surface of the plastic, causing it to decompose. Thermal decomposition of the heated plastic surface generates solid, liquid and gaseous products at the plastic-metal interface. The gaseous products form bubbles, and expansion of these bubbles creates a high local pressure which forces the molten plastics liquid products to the metal surface. After re-solidification, stable bonds between the plastics and metal interface are formed by mechanical interlocking, chemical reactions and Van Der Waals' interaction. The schematic diagram to illustrate the laser joining process is shown in Fig. 1. 
Laser experimental Setup
The laser transmission joining process in the present study was performed in an argon (Ar) shielding environment using a SPI continuous wave (CW) 200W fiber laser (MLS-4030, Microlasersystems B.V., the Netherlands). The wavelength of the fibre laser was 1064 nm. Laser joining was carried out by positioning the two sheet samples in a lap joint configuration with the PET on top of the Ti. They were held together by a tailor-made clamping jig comprising of a bottom plate (60 mm x 30 mm x 8 mm) and two cover plates (30 mm x 28 mm x 5 mm) with four M3 screws attached to each cover plate. The screws were placed around the perimeter of the samples. This clamping jig worked by setting the two samples level using additional pieces of material inserted into opposite sides, with each additional piece of material having the same thickness as that of the sample. Clamping pressure was applied by tightening the eight screws to give a clamping pressure of approximately 1.1 MPa. After assembly, the gap exposed to the laser beam was 4 mm. The overlapping area between the PET and Ti was controlled to be 20 mm in length. The central position of the overlapped area was irradiated by laser in a transverse direction, and the laser-processed length was 10 mm. Fig. 2 . shows the schematic diagrams of the joining jig assembly and the location of laser beam relative to the sample surface. Fig. 3 . shows the geometry and dimension of the Ti-PET hybrid joint after laser joining. Ar gas was used to cool down the PET surface and minimize the effect of oxygen from surrounding air. It was delivered through the central gas jet of 2 mm in diameter with the gas flow rate of 30 L/min.
In the laser experimentation, all metal surfaces were ground sequentially with a series of sandpapers. The resulting groove marks left on the metal surfaces can increase the surface area/roughness for mechanical interlocking between the plastics and metal. The experimental parameter design was based on the Taguchi L9 orthogonal array in which the laser process parameters, namely laser power (P), scanning speed (S) and stand-off distance (D), were varied at three levels (as shown in Table 1 ). Three replicates were performed for every processing condition. The laser spot diameter at different stand-off distances were experimentally measured. A short laser pulse was shot to a laser burn paper, leaving a burn mark onto the paper. Three burn marks were made at every stand-off distance. The spatial distribution of the burn marks was acquired using an image processing program: ImageJ (downloaded from the NIH website: http://rsb.info.nih.gov/ij). The full width half maximum (FWHM) of the spots and the diameter at the 1/e 2 level (about 87 % of the intensity) were measured directly from the spatial distribution.
The design objective was to minimize the non-contact area (NCA), defined as the interface area occupied by bubbles. The NCA was converted into the signal to noise (S/N) ratio (smaller-the-better) by equation 1. The results were analysed by ANOVA to determine which of the laser parameters affected the output characteristic significantly. The measurements of NCA were repeated three times. The proposed method to measure the NCA is described in the following sub-sections.
] (1) where r is the number of measurements and y is the measured value from each measurement The effects of the laser process parameters on the design objective were analysed by using the software: Minitab 17. The hybrid joint samples obtained from each experimental trial in the L9 Taguchi experiment were designated with the labels "A" to "J" (as shown in Table 2 ), and they will be referred to as "Joint A" to "Joint J" hereafter.
Mechanical shear test
The mechanical shear strength (F) was determined using a Lloyd LRX tensile testing machine with a load cell of 500 N. The transverse speed of the shear tests was controlled at 0.5 mm/min. The shear stress (τ) was calculated by using equation 4 as described in the following section.
Measurement of the bond area between plastics and metal
The proposed method, the total joint area (TJA) between the PET and Ti surfaces was divided into the contact area (CA) and non-contact area (NCA). The NCA was the interface area occupied by bubbles, whilst the CA was sub-divided into zones with and without discoloration, namely the clean zone (CZ) and the discolored zone (DZ) respectively. The relationships between the newly defined parameters: TJA, CA, NCA, CZ and DZ are given by the following two equations:
The measurements of different areas and zones were done by ImageJ. ImageJ is a freeware widely used in biology for measuring the area of cells based on the colour contrast of different features [20] . The TJA was measured by manually identifying the joint boundary between the plastic and metal substrate in ImageJ. Extra attention was needed to determine the NCA because of its similar colour to that of other areas/zones. To provide an accurate and quantitative estimation, the NCA was firstly identified by using a non-contact laser profilometer (3-D Surface Profiler; Micromeasure 2; Polytec Ltd; UK) to capture the topographical features on the contacting surface of plastics. The results, in the form of a 2D surface profile image in Fig. 4 (a), were then analysed by using ImageJ. In Fig. 4 (a), the interface areas adjacent to the bubbles (NCA) were represented by colours ranging from orange to blue depending on their height values, i.e. the colour bar that indicated the height of bubbles were displayed on the 2D profile image in Fig. 4 (a) . Addition of the area of the coloured regions occupied by the bubbles using ImageJ gave the amount of NCA. With NCA and TJA known, CA was then calculated by equation 2.
It is important to note that the bubbles which can be measured by this method were limited to those with height between 60 and 225 µm. Such values were determined from the height scale marked with black colour in the colour bar (in Fig. 4 (b) ), i.e. the NCA and its corresponding height scale in the colour bar were highlighted in black colour (in the Fig. 4 (b) ) after the measurement by ImageJ. The colours associated with the shallow bubbles (height < 60 µm) were very similar to the CA, and thus, they could not be recognized in ImageJ. To overcome this, the shallow bubbles that were easily distinguishable by eye but not recognized in the 2D surface profile by ImageJ, were manually selected in ImageJ and their occupied area was included in the calculation of the NCA. Further, the DZ was easily recognizable and measured in ImageJ due to its distinctive colour contrast. The CZ was then calculated by using equation 3, with the amount of CA and DZ known. The overlapping area between the NCA and DZ were classified as NCA as there was no contact between the plastics and metal in that area. An example of measuring the DZ by ImageJ is given in Fig. 5 .
In summary, the proposed method is described by the following steps: First, the laser joint morphology was captured by an optical microscope and exported as a high resolution micrograph (see example in Fig. 5 (a) ). The total joint area (TJA) was directly measured from the optical micrograph by manually selecting the boundary line between plastics and metal using ImageJ software. Second, the surface topographical features at the joint interface were captured by a non-contact laser profilometer and the results were exported as a 2-D surface profile image (see example in Figure 4 (a)). The non-contact area (NCA) was directly measured from the 2-D surface profile image by ImageJ (see example in Figure  4 (b)). Since the values of TJA and NCA were known, the contact area (CA) can be calculated by equation 2. Finally, the discoloured zone (DZ) was directly measured from the optical micrograph by ImageJ (see example in Figure 5 (b)). Since the values of CA and DZ were known from the previous steps, the clean zone (CZ) can be determined by equation 3.
The shear stress (τ) of the hybrid joints is quantitatively determined by the following equation:
To evaluate the effect of discoloration on the shear stress, a new parameter called the concentration of the discolored zone (CDZ) is defined, and it is determined by the following equation:
Surface morphology, structure and elemental composition characterisation
The surface morphology of the hybrid joints in the as-welded conditions were captured by optical microscopy. The surface morphology and elemental composition of the PET and Ti surfaces after the mechanical shear test was characterized by scanning-electron microscopy (SEM; LEO 1455VP, Zeiss) equipped with energy dispersive x-ray (EDX) system for elemental mapping and line scan profile analysis on the surfaces.
X-ray diffraction patterns were acquired using a Bruker D8 Advance diffractometer with Cu Kα radiation, Ni Kβ filter, fixed illumination area to confine the data acquisition to either "on" or "off" the laser track area, fixed detector slits, and a linear array detector.
X-ray photoelectron spectroscopy (XPS) was performed to identify the chemical species present on the PET and Ti outermost surfaces. The hybrid joint was carefully peeled apart and immediately inserted into the vacuum system of the XPS instrument to minimize the effect of environmental contamination due to air exposure. Spectra were acquired using a bespoke system fitted with a Specs GmbH Focus 500 monochromated Al Kα X-ray source, a Specs GmbH Phoibos 150 mm mean radius hemispherical analyser with 9-channeltron detection, and a Specs GmbH FG20 charge neutralising electron gun. The survey and narrow scans were acquired over the binding energy range between 0 and 1100 eV using a pass energy of 50 eV and the high resolution scans were made over individual photoelectron lines using a pass energy of 15 eV. Data processing and curve fitting were carried out using CasaXPS software v2.3.16. Table 3 shows the results of the measured NCA and the corresponding calculated S/N ratio for each experimental run in the Taguchi L9 orthogonal array. The means of the calculated S/N ratios for different laser parameters are graphically illustrated in Fig. 6 in which the highest S/N ratio in each plot corresponds to the smaller variance of the output characteristic around the desired value [21] . Consequently, the highest point in each plot indicated the recommended level for each laser parameter. The results in Fig. 6 suggest that the hybrid joints with fewer bubbles (or lower NCA) can be obtained by using the following combination of laser parameters: lowest power (level 1), highest scanning speed (level 3) and longest stand off distance (level 3). Table 4 shows the results of ANOVA.
Results and Discussions
Results of the L9 Taguchi experiment
In the ANOVA analysis, F-test was used to see which laser parameters have significant effect on the output characteristic, i.e. the change in the level of parameter was significant when the F ratio was larger than 4 [22] . Percentage contribution (P) indicated the degree of influence of each parameter on the output characteristic, i.e. the higher the percentage contribution, the higher the influence. It can be observed from Table 4 that the change in the level of the three laser parameters affected the NCA significantly as their F-ratios were higher than 4. Among the three laser parameters, laser power was the most significant factor to influence the amount of NCA present at the joint interface, followed by the scanning speed and standoff distance, i.e. laser power accounted for 50.6 % of the percentage contribution whilst scanning speed and standoff distance accounted for 26.2 % and 20.8 % respectively. The percent contribution of error was found to be small, i.e. 2.4 %, indicating that no important factors were omitted or significant measurement error was involved. Table 5 , it is noteworthy to discuss the effect of laser parameters on the surface discolouration and to what extent it influenced the mechanical performance of the hybrid joints. This is because discolouration has often been considered as an undesirable characteristic of plastics occurring at high temperature processing. It can be observed in Table 5 that laser power was critical to cause the occurrence of surface discolouration. When increasing the laser power to 50 W or above, regardless of the scanning speed and stand-off distance, a high concentration of discolored zone (CDZ) appeared. With further investigation to the effect of surface discoloration on the shear stress, it is found that the shear stress of the joints tended to decrease with increasing CDZ. Considering the hybrid joints in the 40-W category, the CDZ increasing from 0.3 % (Joint C) to 73.5 % (Joint A) caused a five-fold decrease of shear stress, i.e. 3.2 MPa to 0.6 MPa. In addition, when looking at the whole set of experimental data, the joints with high CDZ (> 30 %) tended to have weaker mechanical performance, i.e. the shear stress was scattered between 0.7 and 2.3 MPa which were about 22 % and 72 % of that of the Joint C respectively. This, in turn, indicated that surface discolouration was detrimental to the mechanical performance of the hybrid joints. It should be minimized or avoided in the laser joining process.
Effects of laser energy input on the morphology of the hybrid joints
PET will undergo thermal degradation at high temperature, namely above 300 °C, leading to changes of material properties via pyrolysis (or thermolysis) process. In the pyrolysis reaction, three phases namely solid (or residual coke), liquid hydrocarbons (or tar), and volatile gaseous products are produced, and they are immiscible. Previous literature [23, 24] has reported that the gaseous products increase with increasing temperature. At 500 o C, the weight percentages of solid, liquid and gas phases of PET after the pyrolysis reaction are about 8 %, 32 % and 60 % respectively [25] . In laser direct joining between the PET and Ti, the evolution of gaseous products from the heated PET is believed to be the major source of bubbles formed in the PET-Ti interface. It is reasonable to suppose that the amount of such gaseous products will directly affect the bubble characteristics, such as size, quantity and distribution, which are the important factors to determine the amount of NCA between the PET and Ti surfaces. High quantity of bubbles or/and large-sized bubbles have been reported to reduce the joint strength due to the increased amount of NCA [26] . Further, porosity in the PET can also weaken the mechanical strength of the plastics.
Based on the discussion above, the temperature at the PET and Ti interface must be carefully controlled. First, it should be sufficiently high enough to activate the pyrolysis reaction of the plastic, and thus, generate an appropriate amount of gaseous products to form bubbles with desirable features, preferably small-sized, small in quantity and finely distributed, at the joint interface. Second, the temperature should not exceed the point above which excessive gaseous products were generated, otherwise this may lead to the formation of undesirable bubbles, such as large-sized, large in quantity and randomly distributed. The temperature at the plastic-metal interface depends on the laser energy input, which is the product of power density (laser power/laser spot area) and interaction time between the laser and metal surface (laser spot diameter/scanning speed) [27] , [28] . Essentially, the higher the laser energy input to the metal surface, the higher the temperature at the plastic-metal interface. Higher laser energy input can be achieved by higher power density and longer interaction time. Table 6 shows the power density and interaction time for each processing condition in the Taguchi experiment. It is particular to note that the variation of interaction time among different processing conditions was small, i.e., ranging from 0.1 s to 0.3 s, whereas the power density was varying in a wide range from 1990 W/cm 2 to 15600 W/cm 2 . Consequently, it is reasonable to claim that the distinct changes in the morphological characteristics of the hybrid joints were attributed more to the power density than the interaction time.
When comparing the morphology of the PET-Ti joints in the 40 W category (i.e., all with similar interaction time of 0.1 s), it is found that a good quality joint as indicated by a clean surface and smallsized bubbles (see Joint C in Fig. 7 ) can be produced by lower power density (i.e., 1990 W/cm 2 ). As seen in Fig.7 ., the small-sized bubbles were interconnected to form a networked structure, and the distribution of such interconnected bubbles was predominantly centralized along the laser-irradiated area on the metal surface. With further increase of power density (i.e., 3540 W/cm 2 ), some discoloration and large-sized bubbles started to appear coupled with the presence of small-sized bubbles (see the Joint B in Fig. 7) . The small-sized bubbles were found to be distributed at the front of the laser-irradiated area, while the large-sized bubbles appeared beyond the middle point of the laserirradiated area and were interconnected to form a networked structure (see the Joint B in Fig. 7) . However, the networked structure became more irregular in form when compared with that of the Joint C. When increasing the power density to a high level (i.e., 10400 W/cm 2 ), significant discoloration and a high portion of non-contact area covered by interconnected, large-sized bubbles was observed (see the Joint A in Fig. 7 ). Large-sized bubbles and discoloration can be found from the remains of the hybrid joints (Joint D to Joint I) in the Taguchi experiment. These findings indicated that heating the metal surface with excessive laser power density (> 1990 W/cm 2 ) can cause discoloration to the plastics counterpart and bring dramatic changes to the bubble features at the joint interface, i.e., appearance of large-sized bubbles and irregular networked structure.
SEM, EDX, XRD and XPS analyses of the joint surfaces
To understand the possible chemical reactions taken place between the PET and Ti during the laser joining process, SEM imaging, EDX compositional analysis, XRD and surface analysis by XPS were conducted on the Ti and PET surfaces exposed after separating the components of the joint.
The SEM micrograph and EDX mapping results of the PET surface are given in Fig. 8 . The results show that a small amount of Ti residue (white colour particles in Fig. 8 ) adhered to the PET surface after testing. Fig. 9 shows the SEM micrograph and the results of EDX line scan profile analysis (profile along the yellow line) of the Ti surface after the shear test. It is clear from Fig. 9 that a substantial amount of PET residue material remained on the Ti surface after separation of the two components of the joint. Using backscattered electron detection where brightness depends to a great extent on local atomic number, a dark residue was found on the laser-irradiated area with some branches of lighter grey material extending from the sides of the dark residue. The EDX line scan results show that the elements in the dark residue were predominately carbon (C) with small amount of Ti, whilst the light grey residue contained a higher amount of Ti but a small amount of C. The oxygen trace (O) was found to closely follow the C, though at a lower intensity. The above findings suggested that there were chemical reactions between the PET and Ti resulting in a high proportion of carbon-containing residue on the Ti surface.
XRD data were acquired to investigate the possibility of a change in structure of the PET from amorphous to crystalline as a consequence of the laser joining process. Data from the PET surface on and off the laser track are shown in Fig. 10 . Off the laser track, the material is amorphous (as specified by the supplier) and the data shows the typical broad scattering features at approximately 20 -25 o and 40 -45 o seen from amorphous carbon blacks and similar materials [29] . The data show no significant change in form when acquired from the laser track area, indicating no evidence for an amorphous to crystalline phase change in the material retained on the PET side of the joint. Similar measurements were made from the Ti side of the joint, but no PET was detectable by XRD due to the small amounts of material present and the low X-ray scattering cross-section for organics.
The joint surfaces were analysed by XPS to gain an insight into the nature of the surface chemistry at the locus of failure of the joint. The outermost surfaces "on" and "off" the laser track on the PET and Ti after peeling apart the hybrid joint (produced by the same parameter setting as with the Joint B) were analysed. The XPS survey and narrow scans on the laser-track of the PET surface are given in Fig.  11 and Fig. 12 respectively, with the corresponding data for the Ti surface given in Fig. 13 and Fig. 14 . The elemental composition data are summarised in Table 7 .
On and off the laser track, the composition data and the high resolution C 1s and O 1s spectra from the PET surface are in very good agreement with PET reference data [30] , with the addition of small amounts of Si and N due to environmental contamination. The results from the PET surface on the laser track show very little difference to those away from the laser track, except for the presence of a small amount of Ti (in agreement with the SEM-EDX data) and some small differences in the low-level surface contamination species. The narrow scan C 1s and O 1s spectra showed no significant differences between "on" and "off" the laser-track on the PET surface, i.e. the exposed PET surface after peeling the joint apart was very similar to the PET from the untreated area.
XPS data from the Ti surface showed (1) lower O and Ti and (2) higher C on the laser track area than away from this area. On the track, the C 1s spectrum looked rather like a low-resolution version of the PET spectrum, whereas away from the track the C 1s was similar to general hydrocarbon contamination often seen on air-exposed oxide surfaces and with the ester component relatively lower in intensity than on the track. Note that if Ti-C bonds had been present at the outer surface analysed, these would have been visible as a further component in the C 1s spectrum at approximately 282.0 eV binding energy, but were not detected here. The O 1s spectrum on the laser track showed a greater organic (carbon-bonded) component and a lower metal oxide component than the O 1s spectrum away from the track. The Ti 2p spectra showed a lower contribution to the overall intensity from the TiO2 component. The Ti 2p spectrum for "on" the laser track in Fig. 14(c) is shown curve fitted to 2p3/2 and 2p1/2 components corresponding to metallic Ti 2p3/2 at approximately 454 eV, nonspecific TixOy (e.g. Ti2O3) bonding at approximately 456 eV, and TiO2 at 458.5 eV. These results indicate retention of some bonded PET on the Ti surface on peeling apart the laser-joined Ti-PET interface, and some partial removal of TiO2 from the Ti surface.
The fibre laser used in the experimentation has a Gaussian energy distribution (TEM00). The laser beam diameter is normally measured as the diameter of a circle containing 1/e 2 or about 87 % of the intensity. The energy input inside the area of laser beam diameter is much higher than that outside the beam diameter, and this gives rise to two temperature regions: (1) a higher temperature region within the diameter of the beam, and (2) a lower temperature region outside this diameter. PET pyrolysis is temperature dependent, with lower temperature producing liquid hydrocarbons and higher temperature producing more gaseous products [24] . This is consistent with evidence seen in the SEM data for the formation of bubbles around the laser-irradiated area. The SEM-EDX data show that the dark residue on the laser-irradiated area contained a high proportion of carbon and is therefore likely to be the residual coke of PET after undergoing intense decomposition at higher temperature. The light grey residue contained a higher proportion of Ti and is believed to be the product of chemical reactions between the liquid hydrocarbons and Ti at lower temperature. Further, small amount of oxygen (O) was identified from both the dark and light grey residues (in Fig. 9 ) which suggest the formation of titanium oxides between PET and Ti. The XPS data, with its higher surface sensitivity, shows that the locus of failure of the joint passed through relatively unmodified PET and that there was a residual oxide film on the Ti surface and also, most likely, on the exposed joint area too. Although the SEM-EDX clearly revealed the presence of high levels of carbon in the bond area, no evidence for Ti-C bonds was seen in the XPS. This is consistent with failure of the bond through unmodified PET, with the carbon-rich material seen by SEM-EDX remaining buried below the XPS information depth. Amorphous PET has a relatively low glass transition temperature of 67 o C, but no evidence for crystalline PET was seen on the PET side of the failed joint, also consistent with failure through relatively unmodified material.Taking all these data into account, a model of the bond and its failure is shown in Fig. 15 .
Conclusions
The possibility of directly joining amorphous PET sheet to commercially pure Ti foil using CW fibre laser was investigated in this work. Taguchi parameter study, image analysis to quantify the contact area at the joint interface, mechanical shear test, surface morphology and elemental composition as well as chemical analysis on the PET and Ti surfaces were carried out. The following conclusions were reached: 1) In the Taguchi parameter study, laser power is found to be the most significant parameter to control the amount of non-contact area (NCA) or the area occupied by bubbles at the joint interface, followed by scanning speed and stand-off distance.
2) A high concentration of discoloration (>30 %) was found to be detrimental to the mechanical performance of the hybrid joints.
3) SEM-EDX, XRD and XPS data were used to construct a model for the structure of the bond and its locus of failure in which failure was through relatively unmodified PET, and strong bonds were found in a region containing pyrolysed PET, Ti and oxidation products.
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